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Natural bond orbital analysis is applied to the ground and excited states of a set of neutral, cationic,
and anionic doubly bonded speciegd4=XH, (X=C, N, O isoelectronic with ethylene. The
character of the excitation is correlated with calculated charge shifts and geometry changes upon
relaxation. For these planar molecules, depopulation oftthend or population of the™* antibond

causes an out-of-plane twist or pyramidalization upon relaxation correlated to the amount of charge
shift. These nonplanar distortions generally lower the energy more than changes in bond lengths and
angles. Population of &%,, antibond by more thar-0.4 e often leads to dissociation of that proton.

The character and symmetry of the transition are used to match excited states in the protonated and
deprotonated species so as to extract an excited state deprotonation energy. The vertical
deprotonation energy of the— =* state tends to be higher than that of the ground state due to
greater electronic destabilization of the deprotonated species, while Rydberg excited states take less
energy to deprotonate. Adiabatic deprotonation energies can be greater or less than that of the
ground state depending on whether the protonated or deprotonated species is more stabilized by
geometry relaxation. ©1996 American Institute of PhysidsS0021-960626)01835-1]

I. INTRODUCTION calculations by Foresmaet al® showed the twor—7*
states are both stabilized by torsional “twisting” from the

The topic of proton transfer has received much attentiorp|anar[)2h structure to aD,q4 structure with the two CHl

because of its importance in many chemical and biologicapjanes oriented 90° with respect to each other, along with a

processes, including solvatidrenzyme catalysi$,and ion lengthening of the CC bond.

transport The phenomenon of photoinduced proton transfer Formaldehyde, the simplest in the class of carbonyl

has been studied experimentélgnd, with the development compounds, shows both—* andn—a* transitions, im-

of ab initio methods for the calculation of excited state WaVeportant for photochemical reactions, due to the presence of

functions*® and including correlatiofi,a variety of intermo- ’

been studied theoreticalfyElectronic excitation alters the glet states and 10 triplet states. The adiabatier” singlet

properties of the system so as to enable rapid ”a’?SfeF- state is planar, but with a longer CO bond length, and the
Probably the most dominant of these properties is thefri let mo* andn * states distort t | i
plet m—ar y— 7 states distort to a nonplanar ge

as-phase proton affinity or deprotonation energy of the pro- . . : .
gas-p P ity protonati gy ofthe p .ometry. While the second highest occupied molecular orbital
ton donor and acceptor groups, which reflects their intrinsic

basicity in the absence of any solvent effects. A systematic(Ialbeled m) is essentially a Iocal|z_edr bond, the H.OMO
labeledn,) was found to be not simply a nonbonding oxy-

detailed study of the effect of excited state electronic an . _ )
en lone pair as stated previou$fput actually delocalized

geometric rearrangement on the proton affinities of simpleg X S
groups might be expected to shed light on the factors thapVer the entire molecule. However, charge density difference

control excited state proton transfer. One such set of molP!0ts showed several pairs of excitations with the same sym-

. . .
ecules are those that contain doubly bonded C, N, and @etry to be mixtures ofr— " andn— 3p character, requir-

atoms in a planar unsaturated group, many of which ardng some states to have more than one label. The molecular
known chromophore$. orbitals of acetaldehyde, with just an additional methyl

Several detailed calculations of accurate vertical anddroup, were found to have an even greater amount of mixing,
adiabatic transition energies for both valence and Rydber§uch that labels #” and “n™ no longer fully describe the
excited states of ethylen& 15 and formaldehydet?-16  character of the statébut were used for consistency with
have been recently performed. Early experimental work, regarlier work.
viewed by Merer and Mullikert! identified five important In addition to the comprehensive body of work on
states in ethylene!A, (ground statg °By, (triplet m—a*  H,C=CH, and HC=O, the energetics of other selected
statd, B, (triplet m—3s Rydberg state 'B,, (singlet doubly bonded species isoelectronic with ethylene have been
m—3s), and'B,, (singletm—7*), or N (norma), T (lowest  studied. Ground state proton affinities have been calculated
triplet), T (triplet Rydberg, R (singlet Rydbery andV  for the ethylene anion, $£=CH~,'*~?! formaldehyde®~2®
(lowest single), respectively, in Mulliken’s notation. CIS and H,C—=NH?*2*2%semiempirically’>?>?°at various levels
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4676 J. K. Badenhoop and S. Scheiner: Deprotonation energies

In both HG=CH and HG=N, the low-lying valence ex-

. H H [Hg 17 cited states could be easily correlated between the protonated
Té’ Y= =HL | b=i, and deprotonated species because the states were spread
y H/ \H H4/ \Hs fairly far apart and had uniqgue symmetry. This may not usu-
- - ally be the case, and a more systematic method of correlating
- -+ i ] excited states of similar character is needed. Natural orbital
Hy s » He o » Moo - analysis(NBO)*>%3 is used here to assign the character of
/C1=N2\ —_ /C1=N$ — /c=[\; each gxcited sta_lte by desqribing the de_nsity ir_1 terms pf a set
| H HeJ Hy Hs H | of easily recognizable Lewis-type bonding orbitals. This pro-

cess allows corresponding excited state energies in the pro-
tonated and deprotonated species to be “matched” to yield

( Ha 1* Y H 1~ deprotonation energies even in species with a high density of
_ -H* N . -H* AV electronic states. We investigate the generality of the geom-
Ci=0;, | — =0 =0 . . .
u . H/ - | etry changes observed for the adiabatic excited states of eth-
4 5

L d ylene and formaldehyde in states of similar character over
the H,C=XH, isoelectronic series, and suggest the origin of
these changes based on the excited state character and the
orbitals affected by the excitation.

FIG. 1. Deprotonation reactions of doubly bonded species considered in th
study.

of ab initio theory!®#2426-283nd using several density

functional method$’

Calculations by Marudarajan and Scheiner on the ground
and excited states of HECH® and HCG=N®! and their Il. METHOD
deprotonated anions at the unrestricted Hartree—RJelF)
and unrestricted Miter—PlessefUMP?2) level showed that For consistency, the coordinates for all molecules in this
these species undergo a radical change in geometry up@&iudy were transformed as indicated in Fig. 1. Ehaxis is
excitation to low-lying excited states, from linear to bent. perpendicular to the plane of the molecwtds in-plane per-
The lower energy of the acetyleme—=* bent conformation pendicular to the C—X bond, and tlyeaxis is parallel to the
was explained using the molecular orbitMO) atomic or- C-X bond. All calculations were performed using the
bital coefficients; ther* MO, whose greatest contribution is GAUSSIAN 92* electronic structure package. The 6-31
from the hydrogens, is stabilized by moving these atoms te+G(d,p) basis seP was chosen as the smallest basis set that
either thetrans or cis position. The excited states of HEN includes both polarization functions on all ato(8sl orbitals
require several kcal/mol more energy to deprotonate than then C, N, O; 2 on H) and diffusesp functions on heavy
ground state, consistent with a shift in electron density toatoms, needed to properly describe anioii,certain Ryd-
ward the carbon center. However, despite a strong shift iferg excited states:*and proton affinities of neutral species
density from C to H, the deprotonation energies of the firswith nonbonding electron paif. This basis has also been
singlet and first two triplet states of acetylene are nearly theshown to have a particularly low basis set superpaosition error
same as for the ground state. For both molecules, the diffefBSSB among available standard basis s&& McMurchie
ence in the deprotonation energies is less than 5% of thand Davidsor® who used a similar basis for calculations on
ground state value. It is not clear from these two examplegthylene, commented that the use of an even more complete
whether this is a general phenomenon, or peculiar to simplbasis would clutter the”* subspace, as well as obscure iden-
triply bonded molecules. tifiable contributions frome* valence orbitals. Indeed, de-

The current paper reports the study, at a satisfacbry spite yielding more accurate vertical transition energies,
initio level of theory, of the ground and low-lying excited many excited states could not be optimized at the
states of a subset of neutral doubly bonded specie6-3112+)G** level because of multiple curve crossings by
H,C=XH, (X=C, N, O;n=2,1,0 isoelectronic with ethyl- the larger manifold of Rydberg states during the relaxation
ene, and the cations and anions that result from protonatioprocess. The 6-31G(d,p) basis was the largest one which
and deprotonation, respectively. The relevant deprotonatioallowed clear optimization of the valence states.
reactions are shown in Fig. 1. We wish to determine the The ground state geometries were optimized at the re-
generality of the isolated results of previous studies of thesstricted Hartree—FociRHF) level of theory. Energies of the
species, as well as to determine trends in proton affinitiedirst 10 singlet and triplet vertical transitions for cations and
based on the character of the state as the electronegativity néutral specieswhich includes the most important valence
the X atom increases and XH bonds are replaced with lonand Rydberg stat¢sind the first 15 transitions for aniofsr
pairs. This set of molecules was chosen because the groumitiose with transition energies up t6200 kcal/mo) were
state is well described by one localized set of Lewis-typehen computed by the CI&onfiguration interaction among
bonding orbitals, and the ground state planar geometry akll single excitationsmethod>*>*! The excited states were
lows clear separation between theand 7 systems to be next allowed to relax to their optimized geometry at the CIS
retained in the vertically excited states. level, yielding an adiabatic excitation energy.
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J. K. Badenhoop and S. Scheiner: Deprotonation energies 4677

The CIS method has been successfully applied to thél. EXCITED STATE DENSITIES AND
excited states of a variety of molecufééncluding the eth- DEPROTONATION ENERGIES
ylene and formaldehyde studies mentioned aboVe’Even A Ethylene
with a basis containing diffuse functions, the excited state . . : .

o . . . Table | lists the most important singlet and triplet va-
transition energies tend to be consistently too high by a fevY . .
kcal/mol for valence states, and by as much as 23 kcal/mo nce and Rydberg excited states of ethylene along with the
N y corresponding transition energies. We consider first the ver-

for Rydberg states. Applying Mier—Plesset second-order

) - tical transitions. Each state is characterized by both the sym-
perturbations(MP2) to the CIS wave function brought the o4y of the transition and the corresponding molecular or-

exc.ited state energies of formaldehyde more in line with eXyitals as characterized by changes in NBO populations.
periment. (Mulliken’s labels for theT, V, T, andR states are also

Our analysis of excited state densities showed that whilghgicated) Included in the label are all NBOs which are
atomic orbitals based on the CIS generalized density havgopulated or depopulated by at least 8 dompared with the
reasonable occupancies and overlap matrix elements, dengjround state NBOs, in decreasing order of the magnitude of
ties from both the CIS-MP2 and spin unrestricted form of thethe change in occupancy. Most of the ethylene excitations
CIS wave functionUCIS) yield unreliable populations. The are fairly localized, involving significant changes to only
occupancies of several of the atomic orbited©s) formed 2-4 NBOs? For ethylene, the HOMO is essentially thec
from these densities are negative, and overlaps of the resulpond; hence most of the low-lying singlet and triplet states
ing LCAO bond orbitals with one another are several timesdepopulate thercc NBO. The second highest occupied MO
larger than for ground state densities. The occupancyconsists of a linear combination of thec and oy bonds;
weighted symmetric orthogonalization of these AOs to formStates which excite from this MO have weakes, NBOs
natural bond orbitaf yields populations significantly out- With an occupancy of only 1.?4—1.%c0mpareq to 1.987
side the expected range of 0—2 electr6H% making the for the groun(_j state. For the ninth singlet and trlplet_ states, a
assignment of excited state character based on such natuf&c orbital with 1.56-1.60e, depleted from 1.997, is also
bond orbitals(NBOs) unreliable for the purpose of correlat- involved.

: . CIS calculations using a basis set with two sets of dif-
ing states between protonated and deprotonated species. To : *

. . . : use functiong[6-3112+)G* ] were performed on ethylene
avoid this problem we have consistently retained the ClI

level t i itat q itative trend y Wiberg et al!° In contrast to our NBO analysis, charge
evel o ascertain qualitalive and quantitalive trends. density difference plots were used to assign the character of

Natural bond orbita(NBO) analysis of the ground state e first 20 singlet and 10 triplet states of ethylene. Account-
and excited state densities was performed separately in ordﬁ{g for the axis rotation fromC,, to C. symmetry
v

to show the shift in electron density upon excitation, inde-(x .z y—x,z—vy), our ordering and assignments of the va-
pendent of the choice of ground state orbitals. NBOs are thgapnce andr—r 35 and m—r 3, Rydberg states are fairly close
localized set of easily recognizable Lewis-liker and 7  to theirs(though slightly higher in energylisted in the fifth
bond, lone pair, and corend non-Lewis(c* and 7* anti-  column of Table |. However, they assigned théBzg and
bond and Rydbengrbitals which are optimal in the sense of 2 3B1g states aST’CH2—> 7*, whereas we find that these states
orthonormality and maximum occupancy of the Lewis setclearly depopulate thecy, andocc orbitals, and the MO has
The total non-Lewis densitfp*), or sum of occupancies of no 7 character. The only exception in ordering is the energy
the non-Lewis orbitals, is a measure of the degree of deloreversal of the 1B,, and 1lBlg states, although their two
calization. There is also a clear distinction between valencstates lie within 1 kcal/mol of one another. The singlet states
and Rydberg orbitals, so that the character can be easily se#ere found by Wibergt al.to be more diffuse and higher in
in the orbital labels and occupancies, and from the totagnergy than the triplet states of the same character, which
Rydberg occupancy. If both the occupied and unoccupiedlso agrees with our results. They also found a significant
MOs involved in the excitation are localized on one or twodecrease in CC bond order for the—=" and Rydberg
centers, e.g. forr—m* excitation, then the NBOs not in- States, consistent with weakening of thebond. _
volved in the excitation can be expected to be nearly identi-  LiSted in the sixth COI“T” of Table | are the changes in
cal in shape and occupancy to the corresponding ground stag%e f?at“ra' ato_mlc charg_@@ of_the carban _atoms upon ex-.

: . itation. The sixth and ninth singlet and triplet states mani-
orbitals, and only the two corresponding NBOs should be o

gif 't d with deleted bond di est a noticeable charge shift away from H and toward C,
erent form and wi epleted bond occupancy and IN-., \qgistent with depopulation of the CH bonds. This finding
creased antibond occupancy. If the excitation involves MO

) ) ] ¥s understandable in light of the shift out of the, NBOs
with density on several centers, then the optimal set of oc3q into m%c or a C Rydberg orbital. The NBO analysis of

cupied (Lewis) NBOs will be somewhat different in shape poih the 11B,,(V) and 21Ag singlet states confirms signifi-
and of lower occupancy to reflect the depletion of density incant mixing of #* and Rydberg character, previously found
the bonding regions, while several non-Lewis orbitals will by Buenker and Peyerimhoff,Robin#” and Mulliken*®

have higher occupancy. Therefore analysis of the differences The excited states of ethylene can be compared with
between the two sets of NBOs shows directly the extent tahose of its deprotonated form, GEH™, reported in Table
which the excitation is delocalized. II. One CH bond of ethylene has been replaced with a more
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4678 J. K. Badenhoop and S. Scheiner: Deprotonation energies

TABLE |. Vertical excitation energie6VEE in kcal/mo), natural charge shifts, adiabatic excitation ener¢fgsE), and optimized geometrigor ethylene.

State Symmetfy Transitiorf VEE Wiberdf Aq.f AEE Iec Fen Occh

Ground state

0 1 1Ag(N) 1.3206 1.0764 121.66

Singlet states

1 1'B3u(R) Tec—T ey (2) 179.7 164.4 +0.037 174.0 1.4121 1.0714 120.31

29 11B,(V) T Ted o, (2) 182.4 178.5 -0.024 130.4 1.3747 1.0897 123.64

3 1'Byg Tee—Teap,)(2) 189.9 177.8 +0.068 185.6 1.3983 1.0784 119.36

4 1'B,, Tec— T eap,(2) 192.7 181.3 -0.014 185.3 1.4297 1.0742 121.46

g 2'A, Tee—T ey (2) /e 209.2 186.6 —0.057 203.3 1.3753 1.0779 120.60

6 2By, ocn(d)— e 216.9 214.0 —0.301 unresolvable curve crossing

9 2'By, occl ocy(4)— e 242.1 236.6 —0.140 195.7 1.6330 1.0676 108.30

Triplet states

1 13B,(T) Tec— Tec 85.8 82.3 +0.070 49.6 1.4605 1.0762 121.26

2 1%B3y(TR) Tee— T cas)(2) 170.5 159.3 +0.021 163.9 1.4182 1.0699 120.06

3 1%, Tec—T c(apy(2) 186.6 175.9 +0.085 182.6 1.3941 1.0817 119.54

4 1%B,, Tec— T e, (2) 188.6 178.7 +0.008 179.8 1.4498 1.0806 121.71

5 1%A, Tec—Te(ap(2) 191.4 179.2 -0.078 186.8 1.4007 1.0706 120.38

6 2%By4 occl ocH(4)— T 201.2 197.4 —0.300 Unresolvable curve crossing

9 2°B,, ocn(8) o ce— T 225.2 -0.151 170.1 1.4638 1.1191 87.29
1.0753 129.46

#Distances are in angstroms, and angles are in degrees.

bState symmetry in ground state geometry.

‘Numbers in parentheses indicate number of such orbitals involved, e.g., orbitals on both C atoms.
This work.

®Reference 10, CIS/6-313+)G** .

fAqu=—1/2Aqc.

9¢H5CCH3 = 88.40°(“twist” dihedral angle, degrees from planarjty

h¢H5c0H3: 33.32°.

I¢H5CCH3: 85.70°.

j¢H5CCH3 = 16.75°,¢y,ccn, = 54.62°(“pyramidal distortion” dihedral angle, degrees from planarity

flexible (and higher energycarbon lone pair, which becomes optimized geometries for the excited states of ethylene in the
the primary contributor to the HOMO. Lone pair NBOs are last columns. These structures may be compared to the
labeled italicn, which should not be confused with nonbond- ground state geometry in the first row. Nearly every excita-
ing orbitals (n) which refer to MO types. The first excited tion lengthens the CC bond. This is not surprising since ex-
singlet state shows evidence of valence-Rydberg mixingitation out of themr bond or into ther* antibond weakens
similar to that in some of the——=* excitations in ethylene. the CC bond and causes it to elongate. The only state in
The anion’s transition energies are lower and closer togethawhich the CC bond is shorter is i, singlet excited state,
than in the neutral. which depopulates the CH bonds and moves density from the
The nonequivalence of the two C atoms in LHH™ hydrogens to the carbons. The CH bond length is fairly in-
leads to substantial shifts of density from one to the othersensitive to excitation except when the CC bond length un-
Thenc, NBO is of course heavily localized on,Cthe car-  dergoes a sizable change. The same is true of the CCH angle.
bon bonded to one hydrogen. Hence those states exciting ot longer r o¢ tends to shortemy and push the CH bonds
of this orbital tend to shift density from Qoward G. The  further apart, i.e.f-cy decreases.
first triplet, for example, shows charge shifts opadd G in The largest increase in bond length is seen in tﬁBzg
excess of 0.3(The hydrogens are also affected, but to asinglet state, in which thec bond is depopulated in addi-
lesser extent.Though the ground state C—& bond is po- tion to the w¢&. occupation.m—=* excitations, as inB,,
larized 64%/36% toward C(and therefore ther* toward and ®B,,, completely sever ther bond and the molecule
C,), m excitations sometimes also shift charge in the saméwists out of a planar structure to a staggered conformation
direction. G gains half of an electron in the third singlet. nearly of D,4 symmetry (90° twish, shown in Fig. 2a).
States which show a charge buildup op generally excite Though an electron is excited out of thebond for both
into a Rydberg orbital of that atom. Overall, one can con-states, the fifth singlet transition populates tHeorbital to a
clude that electronic excitation affects charge distributionlesser exten(0.118e) than the secon{.921e), and so the
quite differently in the neutral and anionic forms of ethylene.torsional twist is less, only 33° from plangfig. 2(b)]. The
Allowing relaxation of the molecular geometries follow- greatest distortion is seen for the ninth triplet state
ing electronic excitation leads to certain important changesioc/occ—7*); the optimized geometry is shown in Fig.
Table | reports the adiabatic excitation energidEE) and  2(c). The CH, groups are not only twisted relative to each
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TABLE II. Vertical excitation energieskcal/mo), natural charge shiffsadiabatic excitation energies, and optimized geometries fyOEH.

State Symmetry Transition VEE Aqc, Adc, AEE lee chg
Ground state

0 1A’ 1.3544 1.1062
Singlet states

1° 1'A” Ne,— Ted ¢ ap,) /T cy(3p,) 92.7 -0.331 +0.132 65.1 1.3975 1.0873
2 2 Nc, T c,(3sn,) 99.2 -0.044 -0.087 74.6 1.3938 1.0661
3 3A Ne,~Tc,@sn) /Tey(3sm) 105.6 —-0.502 +0.233 87.2 1.2754 1.0681
4 27 Tec— T e (3sp,) 1145 —0.260 +0.006 109.0 1.4515 1.0955
5 4 Ne,—Tcy@3p) /TeyGpy) 119.1 —0.389 +0.201 Unresolvable curve crossing

6 3ia” Ne,~Tc,(ap) /T cy3p,) 120.6 —-0.135 —-0.115 103.1 1.2780 1.0684
7 5'A’ Tec—Te,3py /T cy3py 1316 —0.140  +0.167 103.9 1.2767 1.0724
8 61’ Ne,/Tecl Tcu— T cy@p, /T ey@ny ITey(apy 136.1 -0.228 +0.082 131.0 1.3287 1.0786
11 8’ Tee/Ne, =T (any ITey@p)  Thc 1500  —0.090  —0.008 147.4 1.4028 1.0897
12 5IA” mee/Ne,— TEdT e (30 /T cy3p,) 161.2  -0.072  +0.011 160.4 1.3800 1.0949
13 6'A” Toc— T Cy(3p,,) ITe,(3spyy) 166.3 +0.067 -0.123 160.7 1.4543 1.0956
Triplet states

1° 13a" Ne,— Thc 651  —0.440  +0.320 411 1.4518 1.0970
2 137 Nc,—Tcy(3s) 82.6 +0.035 —0.225 66.8 1.2978 1.0596
3° 237 Tec— Tec 88.6 +0.376 —0.309 411 1.4518 1.0970
4 2% Ne, 1 ¢y(3spy /T Cy(asny) | TEm, 1014  -0.355  +0.151 83.3 1.2739 1.0726
5 3% Ne, 1 cyqany /T ey@sny 05, 1041  -0.106  —0.107 66.8 1.2978 1.0596
6 43N TocTcy@s) g 108.5 -0.271 +0.279 83.3 1.2739 1.0726
7 3°%A" Ne,—Tcy3p, /T cy0p) 1155  -0.052  —0.183 98.7 1.2806 1.0675
g 53’ Tee—Tey@py T eapy | Thc 1269  —0.321  +0.206 123.1 1.4297 1.0917
9 63A Tec— T cy(apyy) /T cy(3smy 127.4 —-0.132 +0.139 98.7 1.2806 1.0675
13 53A” 159.2 —0.056 —-0.074 154.0 1.4562 1.0883

*
meeiNe,— T Cy(3py) Imedr C4(3py) It cy3p)

&C, is bonded to two hydrogens and @ one in CHCH™.
PPrigccm, = 74.06° dyy con,= 31.86°.

c<f’H5(:<:H3= 55.37° ¢H4CCH3= 48.36°

d¢H50CH3: 1.87° 1¢H4CCH3: 2.10°.

other, but also pyramidalized 55° away from planar. Nonplalengthened to 1.41 A and the HCH angle increased by 3.0°.
nar distortions generally lower the adiabatic excitation en-The CIS method without correlation finds a planar optimized
ergy more than planar geometry changes, leading to a reogeometry for ther—r ¢ States, though the surface is rela-
to the vertical  excitations. tively flat relative to out-of-plane twist. More specifically,

dering

a) singlet2 ('By)
triplet 1 (3B,,)

d) singlet 1 ('A")

FIG. 2. Nonplanar excited state geometr(i€$S 6-31+G*) of CH,CH, and

CH,CH™.

relative
CIS-MP2/6-31+G* optimizatior® of the first singletr—3s

(R) state relaxed the geometry toDg structure twisted by
24°, compared to 37° for experimefitthe CC bond also

b) singlet5 ('Ay) c) triplet 9 (3Byg)

e) triplet1 (A7)

the CIS energy of thR state at the CIS/MP2 optimized
value of »=23.66° lies only 0.66 kcal/mol above that of the
planar geometry.

Table 11 lists the optimized CC and CHbond lengths
and HCCH rotation angles for GBH™. Optimized geom-
etries for some excited states could not be found, particularly
in states involving changes in the torsion angle. In these
cases the given CIS root shows mixing of several occupied
and unoccupied MOs, and the optimization procedure cannot
follow the excited state across multiple curve crossings. This
occurs more often for cations and anions than for neutral
species. One also sees more than one state converge to the
same geometry when optimization occurs. An example of
this is the pair ofA’ states numbered 2 and 5. As in the case
of ethylene, strong excitation into the GEH™ #* antibond
often leads to nonplanar distortion of the molecule, as in the
first singlet and triplet statd$igs. 2d) and Ze)], or a large
increase in CC bond length. However, unlike {H, itself
the anionic species can relax to relieve steric strain by in-
creasing the CCHbond angle from the ground state value of
108.57° to the more linear 140°-149° observed in many of
the Rydberg excited states.
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TABLE IlI. Vertical excitation energiegkcal/mol), adiabatic excitation energies, and optimized geometries foNEH! .

J. K. Badenhoop and S. Scheiner: Deprotonation energies

State Symmetry Transition VEE AEE ren rend [\ OncH Orine

Ground state

0 1A, 1.2633 1.0761 1.0043 119.81 121.70

Singlet states

1 1A, Ten! oen(2)— Ty 2062 1148 13165  1.0902  1.0145 12115 = 122.90

2 21, TeN— TN 2344 1148 13165 10902  1.0145 12115  122.90

3 1B, oenl ocn(2)men] o(2)— Ty 2712 1148 13165 10902 10145  121.15  122.90

4 2B, Ten—Tnes | Ti(2) 2786 1148 13165  1.0902  1.0145 12115  122.90

5 21A, Ten—Tnpy [ohm(2) 298.4 2801 13255  1.0975 11895  120.08  126.51

62 1 182 T2 oni(2) =T eas Ty lofn(2) 0%, 3225 1148 1.3165  1.0902  1.0145 12115  122.90

7 3B, Ten—Tcgasn Tisp) [ TE(2) 3275 1148 13165 10902 10145 12115  122.90

8 3'a, men! onn(2)— Ty 3334 2801  1.3255  1.0975 11895  120.08  126.51

o 31A, Ten—Teny /ey | Ten 3404 3183  1.3026 11225  1.0338 11872  121.72

10 2B, ocH(2) onn(2) =T c(ap) 350.3 Dissociative—C—H bonds broken

Triplet states

1 1%, Ton— T 124.2 922 13658  1.0931  1.0159 11050  124.00
1.0781 1.0142 115.95 120.42

2 13, el oen(2)— mE oE(2) 183.2 922 13658  1.0781 10142 11595  120.42
1.0781 1.0142 115.95 120.42

3 1%B, el oenl oen(2)— Ty 243.6 922 13658  1.0781  1.0142 11595  120.42
1.0781 1.0142 115.95 120.42

4 23, Ten— 0R(2) /T as) 264.6 Dissociative N-H bond broken

5 23A, Ten— ONn(2) T napy 291.4 Dissociative—N—H bond broken

6 1B, Ter(2)lown(2)— TE(2)/T casp) 298.2 Dissociative—C—H bond broken

7 2%, ocn(2)lonn(2)— oEy(2)o3u(2) 309.7 Dissociative—C—H bond broken

8 3%A, Ten! onn(2)— e ojn(2) 318.6 Unresolvable curve crossing

o 3%, Ten—T o9 Miap, [ TEH(2) 318.9 922  1.3658 10931 10159 11050  124.00
1.0781 1.0142 115.95 120.42

10 2°B, TeH(2)lonn(2)— oNu(2) T c(ap,) 3205 Dissociative—N—H bond broken

Triplet states optimize to yeometry; first row= FcHyr FHg; second row= I chyr TNH,
b _ o

brgcn,=90.00°.

C¢H5NCH4: 56.24°.

d¢H5NCH4: 81.05° »¢H4CNH3 =48.04°.

B. CH,NH

Table Il lists the excited states of GNHJ , which has
the same basic geometry as ethylene except that one carb
Lior;péilctici g){citpa?iomngrsoreriicggr?]e?gﬁ%abF”;Eeﬁ?xl_ene_i\lBOs which b_est describes the ground_ state density hybrid-
lying excitations in CHNHZ involve 7*, as compared to the 12€S the two nitrogen lone pairs as a higher energy or-
Rydberg transitions of C}CH,. Compared with ethylene, bital and the Othen25py; H,CO similarly contains the same
excitations of CHNH; are less localized, with more of them two lone pairs on O. NBO analysis of states involving exci-
involving MOs which include the CH and NH bonds and tation out of the lone pairs in both GN™ and CHO show
antibonds in addition to they or &y orbitals. The vertical that the HOMO is primarily of p, character, and more en-
excitation energies are spread further apart for this catioergy is needed to excite from the more stable lone pair MO
than for ethylene, with the Rydberg excitations occurringwhich is of sp, character. In ChHNH and CHOH", the
higher in the list relative to the valence excitations. single lone pair is o6 p,p, character, indicating that a rehy-

Table IV shows the excited states of neutral S8IH. As  bridization occurs upon protonation.
in the CH,CH,/CH,CH™ case, removal of a proton from The greater contributions from the CH and NH bonds
CH,NH; reduces the spacing of the excited state energy levand antibonds in excited state géH; (Table Ill) leads to
els. Nearly every excitation shifts electron density from N toseveral states which break one or more of these bonds and
C, similar to G—C;, shifts in CH,CH™. The greatest charge dissociate? The tenth singlet state breaks both C—H bonds
shifts from N to C, 0.38—0.58, are seen in excitations from in a symmetric manner, while the triplet dissociations break
the nitrogen lone pair to a carbon Rydberg orbital. Also sig-the symmetry by dissociating only one of two equivalent
nificant are excitations into the* orbital, which is polarized bonds. Several of the singlet states optimize to the same
toward carbon. twistedC,4 geometny{Fig. 3(a)] due to significant MO mix-

Removal of a second proton to form G produces a ing, while a reduced Ltriplet excited state geometry with a

further reduction in state separation. Several states of the

anion lie less than 100 kcal/mol above the ground state. This
Hion, which has the same type of geometry as formaldehyde
vide infra), has two N lone pairs. The set of Lewis-type
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TABLE |V. Vertical excitation energiegkcal/mo), adiabatic excitation energies, optimized geometries, and changes in orbital occupancyNibt. CH

State  Symmetry Transition VEE AEE ry I NHg PH,CNH, PHNCH, Population
changé
Ground state
0 1A 1.2522  1.0052 0.00 0.00
Singlet states
1 1A N(2p,)— TEN 1359 942 13165 1.0092 25.98 77.01 Ap(7*)=+0.927
2 2 nN(szyﬁqupy) It ngasy o 1922 1751 12038  1.0540 0.00 0.00
3 3 wCN—>yw§N 206.7 178.8 1.5420 1.0223 45.29 48.36 Ap(m)=-0.802
Ap(7*)=+0.912
4 2 Ton—Tnspy /T c(@spy) [ Thm 209.7 200.3 1.3548  1.0500 0.00 0.00 Ap(m)=-0.993
5 4 M(2p,) =T sy ’ 220.6 197.0 11931  1.0495 0.00 0.00
7 3 Ten—T caspy) T ry(z9 | TEn, 233.8 208.0 1.2802 1.0216 0.00 38.37 Ap(m=-0.735
8 4 NN(2p,,) " c(3p) /TN, 235.6 2154 11862  1.0005 1.33 30.23 Ap(ro)=+0.574
Ap(ry)=+0.225
10 6'A" Ten, Ten! Ton! on— Ty 2419 942 13165  1.0092 25.98 77.01  Ap(m)=—0.242
Ap(7*)=+0.667
Triplet states
1 1% TeN— TEN 99.7 63.3 1.4228 1.0119 42.32 76.56 Ap(m)=-0.994
Ap(7*)=+0.988
2 1% Nnezp,,) — TEN 109.5 62.8 1.4118 1.0099 44.92 30.50 Ap(7*)=+0.959
3 2% nN(szyﬁ ol o TnGs) 181.4 633 14228 1.0119 42.32 76.56
4 2% wCN—>yr cas) I"ns) | ohH 202.6 Dissociative—N—H bond broken
5 3%’ NN(2p,,) /UCH(Z)HTC(gspxy) /0§H3/0§H/rH3(25) 210.6 Dissociative—C—4ibond broken
7 3% Tenl Ocn, loen] onn— T 2199 628 1.4118  1.0099 44.92 30.50
8 4% TN canyy | Tom Thy29) 2305 63.3 14228 10119 42.32 76.56
10 63" Ten—T (@) | TeN T ) 2381 63.3 14228 10119 42.32 76.56

&Changés) in , m%, or M3p,) orbital occupancies for states in which they are the major contributors.

significantly longer CN bond1.366 A and a CH group
pyramidalized 48° out of plang-ig. 3(c)] appears to be the geometries of CENH is described by the dihedral angles in
most stable configuration. In general, higher energy catiothe second and third last columns of Table IV. When the CN
Rydberg transitions collapse to the adiabatic geometry of &ond is weakened by excitation out of thebond or into the
lower valence excited state.

f) triplet 1 (3A")

b) singlet9 ('A,)

g) triplet 2 (3A7)

¢) triplet 1 (3A,)

FIG. 3. Nonplanar excited state optimized geomet(ietS 6-314G*) of
CH,NH; and CHNH.

The degree of nonplanarity of the adiabatic excited state

7 antibond, the NH bond twists out of the plane and the
CH, group pyramidalizes, either in the opposite direction
[Figs. 3d) and 3g)] or in the same directiofFigs. 3e) and
3(f)]. The correlation betweetr, 7*, or r3, character and
the amount of nonplanar distortion can be seen by comparing
the two torsion angles with the change in population of the
ar, 7, or the sum of thec(sp ) andrysp y Populations in the
last column of Table IV. For nonplanar geometries this
change is at least 0.& An exception is the fourth singlet
state, in which the planar geometry appears to be stabilized
by partial population of thery,, orbital. For the other states,
the greater this change in population, the larger the nonpla-
nar distortion.

Comparison of the excited state optimized geometries of
CH,N™ (Table V) and CHO shows that the CH#\~ overall
negative charge stabilizes the planar geometries relative to
nonplanar distortions such that only the tripls\t(sz)aw*
excitation causes the CH bonds to bend out of the plane.
Because of the higher energy of the £#H HOMO, which
is primarily thenN(sz) lone pair, compared to that of GB,
which also includes some.y and 7o character with the
No(2p,) orbital, an electron is more easily excited from this

orbital (Table V).
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TABLE V. Vertical excitation energiegkcal/mol), adiabatic excitation energies, and optimized geometries faNCH

State Symmetry Transition VEE AEE ren I cH ONcH
Ground state
0 11A; 1.2406 1.1229 125.28
Singlet states
1 1A, N(zpy — TendT c(ap,) 60.1 55.4 1.3203 1.0863 121.47
2 1B, M(2p,) @) /T@sny) 76.5 73.7 1.1983 1.1013 123.83
3 2B, Ni(zpy T c(3p,) 91.2 88.9 1.1969 1.1127 126.48
4 2'A, Nnzpy— T c@py 97.8 94.1 1.2001 1.0946 121.75
1 X: X:
5 2'A, Nz — " (30, /T NGED,) 114.9 113.8 1.2214 1.1020 123.45
6 1'B, Ten—T c(aspy) 142.0 132.0 1.3506 1.0777 122.42
7 3, Ten!Mpy— T ey I TET cany 153.5 145.9 1.3401 1.0881 122.79
10 3'A, Ten—T c@py | Ton 160.2 148.9 1.3540 1.0764 120.27
12 3'B, Ny — Ten CEnT c(ap,) 180.7 160.6 1.4709 1.0734 115.07
14 517, on /Moy = TEN N3y 203.6 189.9 1.3921 1.0980 122.69
Triplet states
1 13A, Ny — Ten!T c(3n,) 42.8 31.4 1.3718 1.0976 113.11
2 1°B, Mzpy =T ciss) /heasny) 71.6 68.8 1.1950 1.1070 124.18
3 2°B, Mczp) = cisp,) 85.1 82.7 1.1963 1.1210 127.21
4 1%, Nnezp,)  Tcr(2)— ey 92.3 88.1 1.1897 1.1078 122.16
5 2%, TeN— TEN 100.2 77.1 1.4358 1.0981 124.04
6 234, Moy — T ey ! T Tnap,) 112.1 110.6 1.2134 1.1019 123.56
7 1°B, Ton—T c(as) 135.6 123.9 1.3722 1.0794 120.90
8 2%, nN(ZpX)Hﬂ-’C‘N 144.5 128.0 1.3922 1.0755 119.92
11 3281 men—T o) /rN*(35) 153.7 141.6 1.3697 1.0818 122.93
13 3%A, Ten—TcEpy | Ten 158.0 146.7 1.3553 1.0778 120.27
®rcnn="53.95°.
TABLE VI. Vertical excitation energieskcal/mo), natural charge shifts, adiabatic excitation energies, and optimized geometries fOHCH
State Symmetry Transition VEE Aqc Aqg AEE fco F o, bcon,
Ground state
0 2A7 1.2317 0.9600 117.75
Singlet states
12 17 Teol e oon— T 164.6  —0.525  +0.154 1315 1.2540 0.9685 119.09
2 21p7 UCO/UCH3/7TCO~>O'EdnC(2pr) 256.0 —0.430 +0.257 Unresolvable curve crossing
3? 2 Teo—Teo 260.8 —-0.383 +0.408 1315 1.2540 0.9685 119.09
4 3A no/gCH(z)HggH/rC(gspy)/ro(3s) 297.1 —0.130 +0.240 Dissociative—O—H bond broken
52 31a” meolTonlocH,~ o 312.8 —0.420 +0.266 1315 1.2540 0.9685 119.09
6 4tpr oo Tou Ted/ Thg 321.8 —0.040 +0.503 Dissociative—O—H bond broken
7 407 7ol ocH(@)oon/Nno— wgo/rc(%py)/crCH 336.6 —0.186 +0.152 Dissociative—C—H bonds broken
g 510" Ten, /no—>f0(3pxy) 1Y o(asp, 353.2 —0.354 +0.156 1315 1.2540 0.9685 119.09
Triplet states
1° 13A” Teoloen, locn, 1 Ton—Teo 1418  —0.524  +0.126 108.3 1.2538 0.9631 118.59
20 13A7 Tco—Teo 161.4 —0.738 +0.764 108.3 1.2538 0.9631 118.59
3 23A7 ocoloen 08 otn, 227.7 —0.432 +0.202 Dissociative—C—}ibond broken
4 23N oonloch, INo! oy, — 06l o8y 274.3 —0.055 +0.303 Dissociative—O—H bond broken
4 3 4
5 337 ToolcH, /UOHHW*éO/ggHA 279.6 —0.414 +0.188 Dissociative—C—Jdbond broken
6 43A" oo Ton/ T Hy(2s) 303.1 +0.102 +0.115 Dissociative—O—H bond broken
7 33 TeH(D/Ton Mo 0 T Hy(2s) 305.0 —0.009 +0.537 Dissociative—O—H bond broken
8 43p’ 320.9 —0.008 +0.047 Dissociative—C—Jibond broken

UCH(Z)/nO/UOHHUéHA/rC(iisty) /U€H3

a¢H4COH3 = 52.06° (pyramidal distortion ang)e Hs opposite(180° from) bisector of HCH angle.
b¢H4OCH3 = 75.02°, H; opposite bisector of HCH angle.
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TABLE VII. Vertical excitation energiegkcal/mol), adiabatic excitation energies, and optimized geometries for formaldehyde.
State Symmetry Transition VEE  Hadad AEE rco rch Ooch Prcon
Ground state
0 21A, 1.1862 1.0923 121.83 0.00
Singlet states
1 1A, No(2p,)— o 108.2 105.6 103.5 1.2552 1.0856 118.01 26.10
2 1B, Nozp,) 1 TcH(2) =T c(as) logy(2) 203.3 158.0 197.8 1.1311 1.1842 130.73 0.00
3 21B, No(zp, /UCH(Z)HrC(gpy) logo 219.3 176.6 2145 1.1441 1.1452 127.86 0.00
4 21A; Nozp,) ! ocH(2)— T cap, 2275 195.3 186.4 1.4889 1.0774 107.97 44.72
5 1B, WCO/nO(ZSpy)—) mEd Teo 234.2 229.9 186.4 1.4889 1.0774 107.97 44.72
6 31A, wco/no(ZSpy)H o 235.4 211.9 186.4 1.4889 1.0774 107.97 44.72
8 31A, UCH(Z)/no(ZpX)HW’éO 269.9 232.4 214.5 1.1441 1.1452 127.86 0.00
9 218, Tco— sy /T ogs) 270.0 250.0 254.4 1.3131 1.0767 116.98 0.00
Triplet states
1 13, No(zpy — o 89.8 95.7 82.8 1.2552 1.0926 114.26 47.42
2 134, Teo— Teo 120.9 155.0 82.5 1.4080 1.0726 113.24 40.00
3 1%B, Nozp,) ! cH(2) =T c(as) logn(2) 193.8 160.7 82.8 1.2552 1.0926 114.26 47.42
4 1%, No(2sp)— o 203.9 211.7 164.3 1.4681 1.0731 105.89 37.01
5 23B, No(zp,) /OCH(z)HrC“py) o) T80 211.0 178.7 206.9 1.1504 1.1368 127.55 0.00
6 2%, Noezp) ! ocH(2) =T c(ap, 218.6 179.4 211.3 1.1385 1.2027 124.02 0.00
8 33, ocu(2)Mogpy— o 249.2 242.6 218.1 1.2926 1.1601 132.00 28.56
10 2°B, No(zp,) /UCH(Z)HﬁEdl’C(sspy) lagy(2) 273.1 237.8 1.1444 1.2144 111.39 0.00
&This work.
PReference 10, CIS-MP2/6-3@k,2+)G** .
TABLE VIII. Vertical excitation energiegkcal/mol), adiabatic excitation energies, and optimized geometries for HCO
State Symmetry Transition VEE AEE reo Ich Ouco
Ground state
0 21A 1.2241 1.1895 109.33
Singlet states
1 11A” Nc(asp,) /Nogn, )~ W’édUEH/rC(SpZ) 53.3 47.4 1.2175 1.1102 128.49
2 21p7 Negasp,) INozpy—T c(apy loty, 71.7 60.8 1.1590 1.0983 125.76
3 3A No(asp,,) Mogap)— 08 TN 84.6 73.7 1.1590 1.1300 128.16
4 2177 Negasp,) INop) =T ciap,) loko 107.9 99.9 1.1864 1.1078 127.87
5 4n No(asp,y) Moy ! TcH—Tcapy) 110.3 105.8 1.1711 1.1666 117.44
6 3 iA’,, Ne(sp,) INozpy— Wéo/fqapz) 182.5 159.2 1.4113 1.1230 102.94
7 5 1A, No(2p,) /nC(ZSpr) locy— Fo@p,) /rC(BSR/)* 187.6 181.3 1.1554 1.1315 122.37
8 6°A WCO/no(sz)/nc(zspxy)/O'CH—>I’C(3pX)/7TCC/I'C(3pZ) 202.9 180.2 1.4716 1.1104 102.42
9 41A" meo—Tc(asp) 1T o(3s) 206.5 187.8 1.3770 1.0931 103.47
10 71A,” WCO/nC(pry) locy— ”édr2(3pz) 17 c(apy 210.7 210.2 1.2124 1.1571 112.55
15 6"A 0col ocn! Teo/Nogpy— Teo 238.9 197.8 1.4747 1.1524 99.95
Triplet states
1 134" Nc(asp,,) /Mo, )~ med 0o 27.6 20.6 1.2461 1.1044 125.86
2 12A’ Nc(asp,y) INozpy =T cas) loty, 60.6 48.8 1.1554 1.1144 128.08
3 23A, Ncgasp,) /nO(prz)—’erpxy) oy . 76.3 63.1 1.1491 1.1187 129.97
4 3°A nC(Zpry)/no(sz)—wc@pxy)/rO(SS)/oCH 80.1 68.3 1.1556 1.1249 129.25
5 2%A" Negasp,,) /Mogzp y— e Téo 96.3 87.8 1.1760 1.1184 126.33
6 43p° Teo— Teo 134.9 102.1 1.4422 1.1149 101.87
7 3% Nc(asp,,) /Nozpy — o 158.4 141.3 1.3454 1.1268 101.55
' Y’ X . .
8 SzA, ”C(Zspxy)/”O(ZPX)—"CGsty)/r0(3pyl/‘TEH 163.9 Dissociative—C—H bond broken
9 6°A nC(Zpry)/no(sz)/UCH—»rO(3py)IUCH/rC(SS%) 191.2 Dissociative—C—H bond broken
10 73N No(zp,) /nC(Zpry) loch—Tce@py Mo, 197.5 191.6 1.1566 1.1376 115.68
11 437" Teol Coy— wgo/rc(gspy) It o(as) 199.5 181.2 1.3837 1.0948 103.24
14 6°A” 2245 221.9 1.2563 1.1364 112.23

No(2p,,) /nC(2spxy) o= e ogap,)
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electronegativé! The second factor is the increased polar-
ization of thew bond toward % and #* toward G as %
becomes more electronegatie.

Table VI lists the excited state assignments and vertical
transition energies of CHD, along with the
q CIS-MP2/6-3112+,2+)G** results of Hadackt al'* Most

a) singlet 1 ('A")  b) triplet 1 (3A") c) triplet9 (3A") of the assignments and valence state energies agree fairly

well, but their CIS-MP2 Rydberg excitation energies are

FIG. 4. Nonplanar excited state optimized geomet(@tS 6-31+G*) of  |ower due to the effect of electron correlation. Two lone
CHOH™. pairs on the same atom remain distinct from each other, hy-
bridized 2, and Zp,. However, when two lone pairs are
on adjacent heavy atoms, as in HCQrable VIII), the ex-
citations become noticeably more delocalized. It also takes

The excited states of protonated formaldehydemuch less energy to excite an electron out of the HOMO,
CH,OH", are listed in Table VI. Over the series §EH™,  which is a combination of the C and O lone painsore out
CH,NH, CH,OH", as the electronegativity difference be- of the less stablac lone pair tham). Following the series
tween C and its partner atom increases, and the overatH,CH™, CH,N~, HCO™, one sees the first singlet and trip-

charge of the species becomes more positive, the states gt energies diminish as the species maintains a negative
come more widely separated. The greater shift in charge tacharge but hydrogens are lost.

ward the carbon atom upon excitation in the molecules with  Table VI shows even more curve crossing and dissocia-
more polar CX bonds is due to two factors. The first is thetion for excited CHOH" than for CHNH; . The shift in

transfer of more density from orbitals centered on(Xx )  density away from the oxygen toward carbon upon excitation
to Rydbergs on € as the X atom becomes more into the o, antibond weakens the OH bond. The most

C. Formaldehyde

TABLE IX. Excited state deprotonation energiggal/mol) for CH,CH,.

Vertical Adiabatic
deprotonation deprotonation

Deprotonation reactién Transitior? energy energy

Ground state

CH,CH,(0)—CH,CH ™ (0)+H" 422.6 422.6

Singlet states

CH,CH,(2)—CH,CH (12)+H* wccl[nc]ﬁwgclrwpz) 401.4 452.5
1g,, I9NG

CH,CH,(3)—CH,CH™ (7)+H* Tec—Te@py 364.3 340.9
1Blg 1n

CH,CHy(4)—CH,CH ™ (13)+ H* mee— e 396.2 398.0
1BZg 1An

CH,CH,(5)—CH,CH™ (11)+H* Tee/[Necl—Tcgp, ! Téc 363.4 366.7
lAg 1p7

CH,CH,(9)— CH,CH™ (17)+H" occloch— i 391.8 292.1
leg a7

Triplet states

CH,CH,(1)—»CH,CH (3)+H"* Tee— Tec 425.4 414.1
3B, 3p7

CH,CH,(3)—CH,CH™ (9)+H™ Tec— T c@py) 363.4 338.7
3519 kNG

CH,CH,(4)—CH,CH™ (6)+H" Tee— 1 e(3p,) 3425 326.1
332g 3p7

CH,CH,(5)—CH,CH (8)+H* Tec— T c@p,) ! Tee 358.1 358.9
3Ag 3p7

CH,CH,(9)— CH,CH™(18)+H* occlocy— T 393.9 337.5
3529 3p7

aNumbers in parentheses refer to states numbered in earlier tables.
POrhitals in brackets make a minor contribution to the excitation in one species, and none in the other.
‘Difference in vertical excitation energi¢so geometric relaxation
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stable excited state geometries have the OH bond 180° omther calculated values in the range of 200—208 kcal/mol at
posite the bisector of the HCH andIEigs. 4a) and 4b)]. 298 K using variousb initio methods’>2° The experimental
The ninth triplet state relieves strain by linearizing the COHproton affinity* of CH,NH is 204.1 kcal/mol.
angle. The deprotonation energy of GBH™ at the HF/6-31
The correlation ofs/7* character and CO bond length- +G(d,p) level, 184.4 kcal/mol, confirms the value at the
ening and nonplanarity for the excited states of,OHtan be  same level of theory obtained by Del Beffeand is higher
seen in Table VII. The CO bond length increases by 0.3 Athan the MP2/6-3%G(d,p) value of 176.6 kcal/mol, as well
for the formaldehyde adiabatie—7* singlet state, the HCH as the G2 valué® 168.7 kcal/mol. Calculations of the G&
angle opens up by 27°, and the geometry distorts to a norproton affinity are in the range of 167-179 kcal/mol for a
planar structure. This contrasts with the structure found byariety of different approaché82123-27%5These values are
Hadadet al,** which had similar bond lengths and angles, all within a few kcal/mol of the experimental vald&171.7
but was planar. Ther—#* triplet state CO bond lengthens kcal/mol. Correlation decreases the deprotonation energy by
by a lesser amount. The CO bond lengthsrfgr—#* states 6—8 kcal/mol, and the change in zero point and vibrational
increase slightly, but the structure is even more pyramidal. energy decreases the proton affinity by 6—10 kcal/mol. Our
The optimized geometries of GB states exciting out of deprotonation energies are close to those from previous cal-
MO 8 (the HOMO composed ofno(sz)/oCH(Z) have culations, and can be compared with those of the species in
shorter CO bond lengths. Depopulation of the oxygen londheir excited states.
pair decreases the diffuseness of the density around oxygen The excited state protonations which we consider are
and moves electrons toward the @bond to strengthen it, those which preserve the symmetry, character and, if pos-
confirmed by contour plots of these orbitals. These result§ible, geometry of the state. Planar symmetry grolipsth
are consistent with the CIS optimized structures calculate§0me common symmetry elements can be mapped onto one
by Hadadet al™ for the states labeled,—3s(1'B,) and ~ another, as shown in Chart 1.

1 . :
n,—3p,(2"B;), which were planar with shorter CO bond ConCs Cay —= Cs Cop—Cs

lengths and smaller HCH angles. This effect is also seen in [6h =0l [0V (yz—= Oxyl [0n—= 0]
HCO™ (Table VIII). In this species, the HOMO is a mixture
of the carbon and oxygen lone pairs, with the less stable Aq A‘] A Ag} A

. . Byg Bo By
carbon lone pair more easily depopulated. Thus even the o
excitations of mostlyno(sz) character, similar to those in Bay Ag} A Au} A
formaldehyde, also depopulate the adjageg,x ) NBO. In N By Bq
fact, if enough density is removed from the valence region to Bry| .
Rydberg orbitals, the two adjacent C and @,2lone pairs, gzg A
each left with only 1.2—-1.%, are better described as a third 30

CO bhond of bothr and 7 character with occupancy of nearly ) ,
2.0 coupled with a less populatett/=* orbital. This in- Excited state NBO analysis can be used as a helpful tool to

creased bonding causes the shorter bond length, and is adn@tch” states of similar charactefuantitatively similar
companied by an increase in the HCO angles. depopulatl_on and popula’qon of orbitals of the same type for
both specigsand compatible symmetry between the proto-

nated and unprotonated species. The excited state adiabatic
deprotonation energy may be written as

For each acid-base pair, the energy difference between Ao 4 _ +
ground state optimized minima of the protonated acid"BH AB(BHT)=—E(BH")+E;(B)=AE,(BH)
and deprotonated base B is the ground state deprotonation +[—EiA(BH+)+EJA(B)], )

energy, or electronic contribution to the proton affinity
wherek is an index for excited state matchesj for which

AEo(BH™)=—Eo(BH") +Eqo(B). @ a deprotonation energy can be determinieds the excited
The base B may be an anion. This value differs from thestate of protonated BH | is the excited state of base B.
experimental proton affinity by the vibrational, rotational, EA(BH") and EjA(B) are the adiabatic transition energies af-
and translational contributions. These factors are generallier the geometries of BHand B have been optimized for
found to decrease the calculated deprotonation energies bystates andj, respectively. A corresponding “vertical depro-
few kcal/mol due to partial cancellation between protonatedonation energy”(VDE) can be calculated from the vertical
and deprotonated specits. transition energiesEY(BH") and E}(B). This quantity

For CH,CH, we obtained a ground state deprotonationshows the effect of electronic excitation independent of ge-
energy of 422.6 kcal/mol, which is consistent with previousometry relaxation.
calculated values of 418—424 kcal/m®ef. 19 and higher Tables IX-XIIl tabulate several vertical and adiabatic
than the experimental result of 406.0 kcal/mdThe proto-  excited state deprotonation energies, ordered by the acid ex-
nation energy of ground state GNH at the HF/6-31  cited state, for the systems considered in this study, along
+G(d,p) level, 222.90 kcal/mol, is higher than the with the ground state DE. Cations require much less energy
MP2/6-31+G*(d,p) value of 216.8 kcal/mo(Ref. 23 and  to deprotonate; the ground state DE of i, is a little

IV. EXCITED STATE DEPROTONATION ENERGIES
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4686 J. K. Badenhoop and S. Scheiner: Deprotonation energies

TABLE X. Excited state deprotonation energigsal/mo) for CH,NH; .

Vertical Adiabatic
deprotonation deprotonation

Deprotonation reaction Transition energy energy

Ground state

CH,NH; (0)—CH,NH(0)+H" 222.9 222.9

Singlet states

CH,NH; (2)— CH,NH(3)+H"* men/[Nn]— TEN 195.2 286.8
lAl 1A/

CH,NH; (3)— CH,NH(10)+H™" oenlocplmen— TEN 193.6 202.3
181 lAu

CH,NH; (4)—CH,NH(4)+H"* Ten—Tnesp /T c@spy 1N 154.0 308.4
15, 1p7

CH,NH3 (7)— CH,NH(7)+H"* Ten—Teasp,) /["N(sspy)]/O'EH 129.2 316.1
1g, 1p7

CH,NH; (9)— CH,NH(11)+H™* Ten— TN Tep,) I e, 137.9 124.3
lAl 1A/

Triplet states

CH,NH; (1)— CH,NH(1)+H"* TeN— TeN 198.4 194.0
3a 1n/

CH,NH; (3)—CH,NH(7)+H" Tenloch!oen— Ten 199.2 193.5
351 lAu

CH,NH; (4)—CH,NH(4)+H* Ten— 0kl T nas) /T cas) 160.9 <0
%, N (dissociative

CH,NH; (9)— CH,NH(8) +H™ men— T c(asp) /Tnasp) /T CH 134.5 194.0
%, 1p7

less than half of that of neutral ethylene. Each deprotonatioenergies in order to understand the effects of electronic ex-
reaction is labeled with the acid and base excited state andtation in isolation from nuclear arrangements. The excited
symmetry. Bracketed orbitals are those which make a minogtate VDEs are almost all lower than those of the ground
contribution to the state of one species but not the other. Fastate. For most excited states, this can be attributed to the
each reaction, the number of excited states that can be cogonsistently larger “gap” between the ground and first ex-
related between the protonated and deprotonated species ifted state and the lower density of states for the protonated
dicates the similarity between the ground and excited statgpecies than the deprotonated one. Tables I-VIII show that
electronic  structure ~ of the two species. Thene first vertical excitation energy decreases over the series:
CHCH,/CH,CH ETabIe 1X), CHpNH; /CH,NH (Tak_)le X) protonated catiorneutral speciesdeprotonated anion. Fig-
and CHNH/CH,N™ (Table XI) systems show a fairly high 1o 5 compares the triplet vertical excitation energies of
degree of correlation. C/MH and CHN™ have the most CH,NH3 , CH,NH, and CHN . The gap decreases over this

excited states with similar character. In both species th%eries from 124.2 to 99.7 to 42.8 keal/mol. and the same
HOMO is primarily an in-plane nitrogen lone pair. Though trend in VEEs is seen for many excited siates of similar

this lone pair has slightly different hybridizatiom, for %
CH,N"~ andsp,p, CH,NH, excitations from this orbital are character, such as the—rcesp)/[Mnsp,/ocnl states,

distinct in both species. In contrast to the SH/CH,N~  Nighlighted in Fig. 5. . _
system, the CKDH'/CH,O system (Table XII), which One cause of the lowered DE in the excited state may be
nominally has the same bonding structure, shows much le@$sociated with the decreased charge gdue to the charge
correlation between the excited states. Only two singleBhift toward G upon excitation of the base species. The low-
states and the relatively “pure” tripletr—=* state have ered negative charge leads to less electrostatic attraction be-
similar character. Few of the excited states of  OH" are  tween the proton and anion, and less energy is gained by
stable, and the excitations in both species are much morerotonation of N. However, due to the different number of
delocalized over the entire molecule. The HOMO is nohydrogens on the Xatom, the charge of this atom alone is
longer primarily a single lone pair on one center, but extend$iot always a reliable indicator.
into the oy and oy bonds. For each acid/base deprotonation pair, the vertical tran-
We focus our attention first on the vertical deprotonationsition energies of the base are consistently closer together
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TABLE XI. Excited state deprotonation energigsal/mo) for CH,NH.

Vertical Adiabatic
deprotonation deprotonation

Deprotonation reaction Transition energy energy

Ground state

CH,NH(0)—CH,N"(0)+H" 404.6 404.6

Singlet states

CH,NH(1)—CH,N " (1)+H" NN— TeN 328.8 365.8
iING 1a,

CH,NH(2)—CH,N™(2) +H* NN—T cgasp) /T casny 288.9 303.2
1Ar le

CH,NH(3)—CH,N~(7)+H* Ton!Nn— TENT (3, 351.4 371.8
a 1a

CHZNH(4)~>CH2N7(6)‘f‘HJr WCN‘)rC(Bst) /rN(3st) 336.9 336.3
i9NG 15,

CH,NH(5)—CH,N"(8)+H" NN—To(ssp,) 340.6 353.9
1Ar le

CH,NH(11)— CH,N~(14)+H* Ten— TN c(sp, I NGED,) 352.8 374.8
a 1a

Triplet states

CHNH(1)—CH,N~(5)+H* TeN— TeN 405.1 4185
1Ar 3A1

CH,NH(2)—CH,N~(1)+H" nn— e[ cap,y) 337.9 373.2
lA// 3A2

CH,NH(3)—CH,N"(2)+H* NN—T cgas) /T Nas) 294.8 410.2
a 3,

CH,NH(4)— CHN™(7) +H™" Ten— T c3s) /Tns) 337.6 <0
A 3g, (dissociative

CH,NH(8)— CH,N~(11)+H* TON-rogsen) 327.8 482.9
lA// 331

CH,NH(10)— CH,N~(13)+H* TN T CEpein, 324.5 348.0
i9NG %,

TABLE XII. Excited state deprotonation energiéal/mo) for CH,OH™.

Vertical Adiabatic
deprotonation deprotonation

Deprotonation reaction Transition energy energy

Ground state

CH,OH"(0)—CH,0(0)+H" 184.4 184.4

Singlet states

CH,OH*(3)—CH,0(6)+H" 7eol/[Nol— o 159.0 239.2
1a, 1p7

CH,OH"(8)—CH,0(8) +H"* oenNo— e/ [Ncgap,) T oasny] 101.1 267.4
1A1 1p7

Triplet states

CH,OH"(2)—CH,0(2)+H* Teo— Teo 143.9 158.6
3a, 1p7
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TABLE XIlI. Excited state deprotonation energiéiscal/mo) for formaldehyde.

Vertical Adiabatic
deprotonation deprotonation

Deprotonation reaction Transition energy energy

Ground state

CH,0(0)—~HCO (0)+H* 408.2 408.2

Singlet states

CH,0(4)—HCO ™ (5)+H* Notzpy ! ocn/INc] =T s, 2915 327.6
1a, 187

CH,0(9)—»HCO™ (9)+H* Teo—T c(as) 344.7 341.6
1, a7

Triplet states

CH,0(1)—~HCO™ (5)+H* Nozpy /[Nc]— 7o 414.7 4132
3, a7

CH,0(2)—~HCO (6)+H* Teo— Teo 4222 427.8
3, 1p

CH,O(3)—HCO (2)+H"* no(sz)/[nc]arcms)/oéH 275.0 374.2
%, 1n

CH,0(4)—HCO (1) +H* Nozpy /[Nc]— med oo 231.9 264.5
%, a7

CH,0(6)—HCO (100 +H* Nogzpy ! ocH/[Ncl =T ceapy /T oap,) 387.1 388.5
3, 1p

than in the acid; however, many of those in the base aréed lines in Fig. 5, the spacing of the excited states results in
excitations out of the additional lone pair not common toa general reduction of VEE as the system is progressively
both species. For example, the &HH™ carbon lone pair is deprotonated. With one exception, the ordering of excited
not present in ethylene. If one considers only those statestates of similar character is the same unless the states are
common to both species, such as the ones connected by detese together in both species.

Ten— Te@spy/ [PNGspyYOcn™] === 3189
N
A\

TN TeEs/ NGy T\ \
h \
Ren/Oen/Oen—= fien™  ——~ D _
N 230.5
N o~e—
N — AN
—_— AN
\ je—
_— - N\
N

\; 153.7

. —

TN Toen™ \mi
=~ ~

~ N =02

9.7\ I

\ —_—

N J—

AN
AY

A= To® 4238
00 00 00

CH,NH,* CH,NH CHpN™

FIG. 5. Triplet state vertical transition energiés kcal/mo) for the

The one type of transition which does not follow the
above trends is ther—#* state. In some cases, this state
undergoes little or no stabilization in the deprotonated spe-
cies, as compared to the protonated one. An example is ex-
hibited in Fig. 5, where the VEE of the—=* state in21
CH,N"™ is in fact slightly larger than in its parent GNH.
This behavior contrasts sharply with the lowering of most
other states upon deprotonation. This is true of all the triplet
and some singlet— 7 states of the anions. The same phe-
nomenon is noted in some singlet—=* states of neutral
species as compared to their parent cation.

Investigation as to which MOs are involved in the
T—a* excitations which exhibit this phenomenon reveals
that these excitations are indeed mostlymotharacter, but
also contain contributions from MOs with somecharacter.
This contribution is also clearly seen in the occupancy
changes of the~-type NBOs, which are sometimes almost as
great as those of the and #* orbitals. For example, in the
case of the second triplet state listed in Table X
(men/oen/och— mEN), Fig. 5 shows that in the deproto-
nated species, CNH, the state of this character, while
lower in excitation energy than that of GNHJ , is higher in
order for CHNH (state 7 than for CHNH, (state 3. In
addition to shifting density in the out-of-planeregion from

CH,NH, series. Selected states for which a vertical deprotonation energy<2 10 C1, density is depleted from the in-plane lone pair of

can be found are connected with dotted lines.

X, and one or more hydrogens to regions further from the
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molecule. Such shifts appear to destabilize the excited sta#®DE is less than the VDE and is much smaller than the

more than purer—«* states in which this mixing does not ground state deprotonation energy. The geometries of the
occur. In the deprotonation reaction, this destabilization ofcid and base are both planar fer—rs, , n—rs, , and

the deprotonated species counteracts the general decreasefm,rsp states, so the adiabatic deprotonation energy is
VEE accompanying the more negative net charge on the Spgjithin *20 kcal/mol of the VDE; the ADE is lower than the

cies, leading to a greater vertical deprotonation energy tha@round state deprotonation energy mainly due to the elec-
the ground stat®E, particularly for the CHCH,, CH,NH,  onic effect.

and CHO triplet m—7™* states.
Next we compare the effect of geometry relaxation on
the process by comparing the vertical with the adiabatic DEgY- CONCLUSIONS
There are four general types of geometry relaxation that oc-  Natural bond orbital analysis of CIS ground and excited
cur after excitation of HC=XH,, species: changes in bond state densities has been used to examine changes in bonding
lengths (primarily rcx), changes in bond anglggrimarily  patterns upon excitation. This allows excited states of similar
fcxn), “twisting” of the XH , group relative to CH, and  character in the acid and base to be correlated. The nature of
pyramidal distortion of the Ckigroup. Table | shows that the the bonding NBOs that are depopulated and those antibond-
adiabatic excitation energies of the ethylent81,(V) and  ing or Rydberg orbitals that are populated can also be used to
1°B,,(T) states have been lowered by 49.3 and 36.2 kcalpredict qualitative bond length and bond angle changes, in-
mol, respectively, relative to the corresponding VEE values|uding likely bond dissociations. In the case of planar mol-
by twisting nearly 90°Fig. 2(@]. The adiabatic transition ecules, the degree to which the excitation involvesr =*
energy of 2°B, state[Fig. 2c)], is 55.1 kcal/mol lower due MOs also determines the amount of nonplanar twisting or
to an asymmetric pyramidal distortion of the Eigroups.  pyramidalization the system undergoes. NBO analysis shows
Nearly the same energy lowering, 46.4 kcal/mol, occurs fokhat higher energy transitions are also more delocalized.
the planar 2B, state, but in this case by a severe elongationvioreover, as the C—X electronegativity difference becomes
of the CC bond by 0.31 A. Twisting by 38.4° lowers the greater, the excitations become more delocalized, and show
energy of the 3A” state of CHNH (Table IV) by 25.8 kcall  more involvement of therey, oy, and oy bonds and an-
mol, while pyramidal distortion stabilizes several states bytihonds. This greater contribution of thesystem to excita-
more than 40 kcal/mol. Closure of titigyy angle from 112°  tions leads to more frequent dissociation upon geometry re-
to 90° with a slightly shorter CN bond stabilizes théAd laxation.
state by 23.6 kcal/mol, while opening it up to 144° lowers  The vertical transition energies of the deprotonated spe-
the 4°A’ state energy by 17.1 kcal/mol. Bond length changegsies tend to be lower and closer together than those of the
of less than 0.1 A and angle changes less than 10° for othgjrotonated species. Therefore, most of the vertical deproto-
planar states lower the energy by ontp—15 kcal/mol. Cor-  nation energies are less than the ground state DE. The calcu-
relation of the amount of energy lowering with geometry |ations show evidence of a consistent charge shift away from
changes in all eight species in this study yields the followingthe more electronegative atom upon excitation, which, inde-
stabilization hierarchy: pendent of geometry relaxation, causes the species to be
more easily deprotonated in the excited state than in the
ground state in most cases. This shift becomes greater as the
<pyramidal distortiorctwist<twist+pyramidization.  electronegativity difference between C and X increases. The
) ) exception is somer—«* transitions, in which the VDE is
Comparison of the major geometry changes of the propigher than the ground state value because the excitation
tonated and deprotonated species upon relaxation expla%?]ergy of the deprotonated speci@nion or neutral is
the differences between the vertical and adiabatic excite1:hgher than expected due to contributions from MOs with
;tate deprotonation energie;. A greater geometric stabilizasymeo-character which shift density away from the in-plane
tion _of the Rrotonated species CaU_fEﬁAS(B_Hﬂ to be Iower lone pair and hydrogens to regions further from the mol-
relative toEj'(B), and hence the adiabatic deprotonation en-gqjje.
ergy is greater than the VDE; the opposite is true if the  changes in geometry upon relaxation generally have a
deprotonated species is more stabilized. For then”,  greater effect on the adiabatic deprotonation energies than
N—r3p, (out-of-plane Rydberg all but one of them—=",  ghifs in the electron density, with pyramidal distortion and
and several of ther—r3, and7—rg, states, the optimized out-of-plane twisting more important than in-plane bond
geometry of the protonated species shows nearly equal dength and bond angle changes. The ADE may be greater or
greater twist or pyramidal distortion than does the deprotoless than the VDE depending on whether the protonated or
nated species. In several cases the increase of the deproton@protonated species is more stabilized by geometry relax-
tion energy due to geometry relaxation is greater than is thation. Rydberg excited states, whose geometries generally
lowering due to the change in the electron distributfear-  remain planar, tend to decrease the deprotonation energy by
tical propertiey so the adiabatic deprotonation energy isremoving electron density from the compact region about the
even greater than that of the ground state. For¢her™ heavy atom to which it is bonded. Unlike the adiabatic ex-
singlet and triplet states of ethylene, on the other hand, theited states in the HEECH/HC=C~ and HG=N/C=N"
deprotonated specieCH,CH™) is more distorted, so the systems, those of the,B=XH, species tend to be ordered

Arex~AOcxy
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